P
roteins need to bind nucleic acids for carrying out essential functions of the human body like replication, transcription, and translation. This is accomplished by the use of folds or motifs within a protein that specifically bind to nucleic acids. One of the most remarkable features of these motifs is the ability to recognize specific features within a sequence of the nucleic acid. For example, the ability to recognize and discriminate nucleic acids based on presence of a 2= OH group on the ribose sugar exemplifies the extent of specificity and precision associated with these motifs in binding nucleic acids. Such specificity is essential for maintaining fidelity during processes like transcription and replication, in order to transmit genetic information from parent to progeny. In addition to discriminating between DNA and RNA, proteins can bind specific sequences of nucleotides within nucleic acids. For example, proteins containing CXXC (Cys-X-X-Cys) domains, like CFP1 (CXXC-type zinc finger-containing protein 1), are known to bind unmethylated CpG nucleotide sequences specifically (1) . The CXXC domain contains two C-4-type zinc fingers and binds in the major groove of DNA. Recognition of the CpG motifs by the CXXC domain of CFP1 is accomplished by donating six basespecific hydrogen bonds by an inbuilt I199-R200-Q201 tripeptide. Recognition leads to recruitment and assembly of the chromatin-modifying complexes (1) . Further, some proteins can recognize posttranscriptional modifications of nucleic acids as signposts for assembly of complexes or cues for discrimination between self and foreign nucleic acids. For example, the retinoic acid-inducible gene I (RIG-I) protein can specifically recognize 5= triphosphate caps of RNAs and recruit adaptor protein mitochondrial antiviral signaling protein (MAVS) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . MAVS recruits tank binding kinase 1 (TBK1), which phosphorylates interferon regulatory factor 3 (IRF3), resulting in production of type I interferons (IFNs). Similarly, Toll-like receptor 9 (TLR9) specifically binds unmethylated CpG DNA, which is found in microbes, and initiates production of proinflammatory cytokines (12, 13) .
In contrast to sequence-specific binding, some tasks require proteins to bind DNA in a non-sequence-specific manner. Details on one such group of closely related proteins that bind DNA nonspecifically have started to emerge (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . Based on in vivo studies, a role for these proteins in the activation and regulation of cellular signaling, culminating in the production of IFNs and cytokines, upon recognition of foreign DNA has been postulated. These proteins bind DNA using a 200-aminoacid domain referred to as the HIN domain (13, 24) . HIN is an acronym referring to the protein's hematopoietic expression, interferon-inducible nature, and nuclear localization. In addition to the HIN domain, most of these proteins contain a pyrin domain (PYD) and have been grouped in the PYHIN family. They are also referred to as absent in melanoma 2-like receptors (ALRs). To date, four homologs from humans (absent in melanoma 2 [AIM2], gamma interferon-inducible protein Ifi- 16 [IFI16] , myeloid cell nuclear differentiation antigen [MNDA] , and interferon-inducible protein X [IFIX]) and 13 homologs from mice belonging to the PYHIN family have been identified (25, 26) . Recent studies on ALRs have expanded our knowledge about the function of these receptors and refined our understanding of the nature of ALRs. For example, although all ALRs are inducible by IFNs, their expression is not limited to hematopoietic cells. In addition to peripheral blood leukocytes, AIM2 has been detected in keratinocytes, where it is known to assemble a functional inflammasome upon sensing DNA (27) . Further, although ALRs have been detected in the nucleus, many of them (for example, AIM2, p202, and IFI16) have been detected in the cytoplasm as well (26) . More recently, ALRs were shown to translocate from the nucleus to the cytoplasm in association with either the adaptor protein apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) or stimulator of interferon genes (STING) (26) . Consequently, ALRs were shown to specifically activate either the ASC-dependent inflammasome or the STING-TBK1-IRF3 pathway (26) . Overexpression studies seem to indicate a cytoplasmic localization for the HIN proteins. Details of cellular expression and localization of ALRs have been covered in two excellent previous reviews (14, 28) . Therefore, in this review, only recent new insights pertaining to this aspect of ALRs are mentioned, where appropriate.
All known human ALRs and most of the murine ALRs (except for Pyr-A and PYR-RV1, which contain PYD but no HIN domain) carry out their functions by binding DNA via the HIN domain. Recently reported crystal structures of the HIN domains of AIM2, IFI16, and p202 reveal that the 200 amino acids of the HIN domain fold into two tandem oligonucleotide/oligosaccharide binding (OB) folds (29) that are held together firmly via a conserved hydrophobic interface (21, 23) . Comparison of the structures reveals that although the overall topology of the HIN domain is highly conserved, the location of the DNA binding interface could change from one protein to another. At least two different modes of DNA binding by the HIN domains have been unveiled by the crystal structures (20, 23) . These modes of DNA binding have implications for the function of the protein. This review summarizes our current understanding of the structure and function of the HIN domains in the context of innate immune responses and highlights unexplained structural features that provoke further investigation of these domains to uncover exciting new roles for these domains.
THE TWIN OB FOLD
The overall structure of the HIN domain consists of a tandem pair of OB folds linked via a long linker (Fig. 1A) . Two or more short ␣-helices are embedded in the loop making up the linker. Interestingly, the OB folds are held together primarily by extensive interactions between the two OB folds and not via the linker (Fig.  1B) . Most of these interactions are hydrophobic (21, 30) . A number of aromatic amino acids-for example, a conserved pair of histidines and a phenylalanine-are engaged in -cation interactions at the interface of the two OB folds. In addition, in the HINa domains of p202 and IFI16, a -stacking interaction between the aromatic rings of two phenylalanines is observed (Fig. 1C) . Stretches of interfacing amino acids, such as MFHATVAT, are conserved among the HIN domains (Fig. 1D) . Mapping of the sequence on the structures of HIN domains reveals that this stretch of amino acids is completely buried in the protein and is therefore not likely to play any role in intermolecular proteinprotein interactions. Analysis of the interface between the OB folds of the HIN domain of AIM2, the HINa domain of p202, and the HIN domains of IFI16 by the PISA web server (30) reveals that the interface is interaction specific, implying that the protein is likely to exhibit these interactions when present in its canonical form. Further, the interactions between the OB folds are unlikely to be disrupted in vivo. In fact, bacterial expression of individual OB folds results in insoluble protein (21) . Therefore, the tandem OB folds of the HIN domain might have evolved to function as a single unit. This is further illustrated by the fact that the structures of the HIN domains from AIM2, IFI16, and p202 are highly conserved in topology and show an identical topological arrangement of the tandem OB folds interacting via a conserved hydrophobic interface (20, 23) (Fig. 1E) .
The canonical OB fold contains five strands that fold into two sheets (29) . Strand ␤1 is shared between the two sheets. Loops connecting the five strands show variable length and are known to play important roles in the binding of the ligands. Since the OB fold was described well before the structure of any HIN domain became available, the structural elements of the HIN domain are labeled based on the OB fold convention (29) . The proximal OB fold of the HIN domain is named OB1, while the distal OB fold is called OB2 (Fig. 1A) . There are some differences between the canonical OB fold and the OB folds of the HIN domain ( Fig. 1F ) (20, 21) . In particular, the canonical ␤1, ␤4, and ␤5 strands of OB1 are usually observed split into two short ␤= (noncanonical) and ␤ (canonical) strands. Similarly, the canonical ␤5 of OB2 is likely to be replaced by two smaller ␤ strands (Fig. 1F) . Analysis of the crystal structures of the HIN domains reveals that the ␤2 strand of OB1 is consistently the longest strand and that the region connecting strand ␤1 with ␤2 protrudes out of the protein. 
HIN DOMAIN OF AIM2
Two isoforms of AIM2 are known. The only difference between the isoforms is the length. While isoform 1 of AIM2 is made up of 356 amino acids, isoform 2 is shorter by 13 amino acids at the C terminus. These amino acids fold into an N-terminal pyrin domain (PYD; amino acids [aa] 1 to 83) and a C-terminal HIN domain (aa 157 to 354) ( Fig. 2A) . Direct evidence for the role of AIM2-mediated responses in protection against pathogens has come from studies on AIM2-deficient mice. Mice lacking AIM2 were found to be more susceptible to infections by Francisella tularensis (31, 32) , Listeria monocytogenes (33) (34) (35) , and murine cytomegalovirus (mCMV) (36) (37) (38) . AIM2 senses DNA in the cytoplasm using the HIN domain and relays the message downstream via the PYD. In addition to binding DNA, AIM2 is known to participate in protein-protein interactions to carry out its diverse functions. For example, AIM2 has been shown to form heterodimers with ASC, p202, IFI16, and MNDA (16, 19, 22, 39, 40) . Heterodimerization with ASC culminates into activation of procaspase 1, which ultimately leads to apoptosis via pyroptosis (40) . In contrast, heterodimerization with p202 terminates the inflammatory response initiated upon sighting of DNA in the cytoplasm by AIM2 (22) . AIM2 can also heterodimerize with IFI16 and MNDA, which could explain its ability to localize to the nucleus in spite of not having any known nuclear localization signals (39, 41) . IFI16 is known to induce production of type I IFNs upon sensing of DNA in the cytoplasm (42) . Heterodimerization with AIM2 abrogates this IFN-␤ production (41) . Conversely, knockdown of AIM2 has been shown to increase IFN-␤ production in the BPH-1 prostate cancer cell line (18) , confirming that heterodimerization of AIM2 with IFI16 negatively regulates IFN-␤ production. Further, increased expression of IFI16 in normal human prostate epithelial cells and human diploid fibroblasts (HDFs) results in senescence-associated cell growth arrest (18) . On the other hand, knockdown of IFI16 in WI-38 HDFs delays the onset of senescence (18) . Therefore, heterodimerization of AIM2 with IFI16 is likely to delay the onset of senescence. Thus, heterodimerization of AIM2 results in diverse responses depending on the type of the dimerization partner.
DNA-binding interface. Structures of the murine and human HIN domains of AIM2 bound with double-stranded DNA (dsDNA) have been reported (20, 23) . Superimposition studies reveal that the overall topologies of the HIN domains from both sources are identical (Fig. 2B) . These HIN domains share 58% primary sequence identity and therefore exhibit a very similar mode of DNA binding. Both the HIN domains use the region surrounding the linker connecting the two OB folds for binding DNA. However, the axis of the DNA spiral bound by the HIN domain of hAIM2 is tilted by 35°compared to that of the DNA bound by the mHIN domain ( Fig. 2B and C) . A search for amino acids within 4 Å of the DNA revealed that helices ␣1 and ␣2 of the linker, strand ␤1 and loop L 34 of OB1, and strands ␤1, ␤4, and ␤5 and loop L 23 of OB2 contribute residues for binding DNA (Fig. 2D) . Thus, AIM2 uses both the OB folds to bind dsDNA. In addition, similar to many other DNA-binding proteins, helices from the linker region are inserted into the major groove for tethering the DNA.
Nature of HIN-DNA interactions. Detailed analysis of the protein-DNA interactions indicates that they are primarily electrostatic and involve the phosphate groups of the DNA backbone and the side chains of positively charged amino acids of the HIN domain (20, 23) . Although most of the interactions of the protein with the DNA are limited to the backbone phosphates, for any given monomer of the HIN domain of AIM2, the side chain of at least one lysine residue is observed contacting a base. For example, the side chain of K248 of murine AIM2 donates two hydrogen bonds, 2.8 Å and 2.9 Å long, to the O6 oxygen atoms of a pair of guanine residues (23) (Fig. 2E) .
The role of the residues involved in binding DNA has been confirmed by site-directed mutagenesis. Using the crystal structure of the binary complex of the HIN domain of AIM2 with DNA as a guide, amino acids involved in binding DNA were identified (20) . When mutated in clusters, these amino acids lost their ability to bind DNA. Such mutations were introduced into full-length AIM2, and the effect of the loss of DNA binding ability of AIM2 was evaluated in cell-based assays. HEK293T cells were transfected with AIM2 or its mutants or with ASC, procaspase-1, and prointerleukin 1␤ (pro-IL-1␤) expression constructs. Maturation of pro-IL-1␤ was assessed by Western blotting using anti-IL-1␤ antibody. Mutants deficient in DNA binding were impaired in maturation of IL-1␤ (20) . This not only validated the need for AIM2 to bind DNA for activation of signaling but also confirmed the role of amino acids implicated in binding DNA.
Activation of AIM2 signaling. At least 80 bp of dsDNA has been shown to be necessary for induction of IL-1␤ production (20) . In the absence of DNA, AIM2 is kept autoinhibited by intramolecular PYD-HIN interactions (Fig. 3 ). In the presence of DNA, this interaction is broken, making the PYD available for the recruitment and activation of downstream signaling molecules. The structure of PYD of AIM2 and the subsequent maltose binding protein (MBP) pulldown and yeast two-hybrid assays of mutants constructed based on analysis of the structure support such a model for activation of AIM2 (43) . The structure further reveals that the PYD of AIM2 folds into a typical death domain. The region surrounding the negatively charged helix ␣2 interacts with the HIN domain and overlaps with the HIN domain's DNA-binding surface. This causes repression of AIM2 activity, which is released in the presence of DNA (43) .
Receptors undergo oligomerization after binding their cognate ligands to activate downstream signaling. Unlike most known receptors that contain dimerization/oligomerization domains, AIM2 uses DNA as a platform for oligomerization, resulting in the assembly of the inflammasome (20) . Upon binding DNA, the PYD-HIN interaction is broken. AIM2 recruits the adaptor protein ASC via homotypic PYD-PYD interactions (Fig.  3) . ASC in turn recruits procaspase-1 through CARD-CARD interactions. Multiple molecules of AIM2 bound to DNA ensure molecular crowding, which brings the caspases into proximity for intermolecular proteolytic activation. Activated caspases cleave and mature IL-1␤ and IL-18 ( Fig. 3) (16, 19, 22, 38, 40) .
Human AIM2 has been shown to respond to sightings of DNA via two pathways. It can exert its effect via assembly and activation of the inflammasome or induce the production of type I IFNs via the STING-TBK1-IRF3 axis (44) (45) (46) . In contrast to hAIM2, mAIM2 responds to detection of dsDNA via formation of the inflammasome. Murine AIM2 is unable to activate the STING-TBK1-IRF3 pathway (26) . Thus, responses originating from ALRs could be species specific, and caution needs to be exercised in extrapolating results from animal models to humans.
HIN DOMAINS OF p202
p202 is found exclusively in mice. So far, p202 homologs from humans have not been reported (26) . p202 contains two HIN domains, HINa, spanning aa 46 to 243, and HINb, spanning aa 244 to 441 of the 446-amino-acid-long protein ( Fig. 2A) . At least two isoforms of p202, p202a and p202b, have been identified (47) . These isoforms differ in seven amino acids spread across the length of the protein. Interestingly, p202a knockout mice show no FIG 3 Model for activation of AIM2-mediated signaling. AIM2 sheds autoinhibition in the presence of dsDNA in the cytoplasm. This step is subject to regulation by p202. Upon binding DNA, the PYD of AIM2 becomes available for binding PYD of ASC, which recruits procaspase 1. Molecular crowding ensures intermolecular proteolytic cleavage, producing mature caspases. p202 possibly intercalates and prevents molecular crowding and maturation of caspases. Catalytically competent caspases process pro-IL-1␤ and pro-IL-18 into their mature forms, which ultimately leads to pyroptosis. phenotypic defects, because p202b has been shown to be upregulated in these mice and seems to compensate for a lack of p202a (47) . A pseudogene encoding a C-terminally truncated form of p202a, p202c, has also been reported. p202 can translocate to the nucleus and has been detected in the nuclear fraction. p202 has been studied extensively for its ability to interact with proteins involved in transcription and cell multiplication. For example, p202 interacts with p53 binding protein 1 (p53BP1) and prevents transcription of p53-driven expression of proteins like mouse double minute 2 (mdm2) and p21 (48) . p202 is also known to associate with nuclear factor of kappa light polypeptide gene (NF-B; both the p50 and p65 subunits) and activator protein 1 (AP1; c-Fos and c-Jun subunits) and repress transcription (49) . Thus, p202 plays an important role in regulation of cellular response to growth factors and cytokines. Incidentally, the first p202-interacting protein identified was the retinoblastoma gene product (pRB), which is essential for progression of the cell cycle from G 1 to the S phase (50) . p202 is known to further influence the cell cycle via its interaction with nuclear factors like E2F-1/DP1 and E2F-4/DP4 and repress proliferation (28, 51) . More recently, p202 was shown to participate in regulation of innate immune responses originating from AIM2. This role of p202 was ascribed to its ability to bind DNA via the HIN domains (22) .
DNA-binding interface of the HINa domain. The structures of unliganded and DNA-bound p202 have been reported (23) . These structures of p202 reveal that the protein does not undergo large conformational changes upon binding of DNA (Fig. 4A) . The DNA binding site is preformed. Amino acids from the N-terminal loop and loop L 12 from OB1 are within 4 Å of the dsDNA. The concave depression of the ␤ sheet formed by strands ␤1 to ␤5 of OB2 anchors the DNA backbone. Specifically, amino acids from strand ␤1, loop L 12 , ␤2, ␤3, ␤4, L 45 , and ␤5 of the OB2 fold are within 4 Å of the DNA (Fig. 4B) . Thus, the OB2 fold of p202 contributes the majority of interactions for binding DNA (23) .
Nature of HIN-DNA interactions. The interactions of the HINa domain of p202 with DNA are electrostatic and are mostly limited to the DNA backbone. The only exceptions are the interactions of the side chains of K53 and R224 with the bases. The side chain of K53 donates a 2.64-Å hydrogen bond to the O-2 oxygen atom of a cytosine and a 3.36-Å hydrogen bond to the N3 nitrogen atom of an adjacent adenine (Fig. 4C ). R224 donates 2 hydrogen bonds; a 2.78-Å hydrogen bond to the C-8 carbon atom of a guanine and a 2.68-Å hydrogen bond to the C-2 carbon of the sugar ring (Fig. 4D) . The length and number of such base-directed interactions vary between the subunits of the HIN domain seen in the asymmetric unit, suggesting some flexibility in binding to DNA (23) . Similar interactions with bases are observed when the HIN domain of AIM2 binds DNA.
The DNA-binding interface observed in the crystal structure of p202 HINa bound with DNA has been verified using site directed mutagenesis. Amino acids observed at the interface were mutated in clusters. Such mutants exhibited greatly diminished DNA binding (23) . However, the effects of such mutations in full-length p202 protein in vivo on the physiology of the cell are unknown.
Regulation of AIM2 signaling by p202. In 2009, Roberts et al. showed that p202 from cytosolic extracts of bone marrow-derived macrophages (BMDM) bound a 44-bp dsDNA probe (22) . Abrogation of this binding, for example by knockdown of p202 in BALB/c BMMs using small interfering RNA (siRNA), significantly enhanced the activation of caspases 3 and 1 upon stimulation by DNA. Conversely, under similar conditions, knockdown of AIM2 by siRNA prevented the activation of caspases 3 and 1. Thus, AIM2 seemed to activate while p202 seemed to downregulate the maturation of the caspases when BMMs were stimulated by dsDNA. Although p202 is known to heterodimerize with AIM2, the molecular basis for the role of p202 in regulation of AIM2-mediated activation of the inflammasomes was not clear until recently. The ability of p202 to mitigate AIM2-initiated responses was explained in part by the crystal structures of the HIN domain of murine AIM2 and the HINa domain of p202 bound with DNA (23, 52) . Comparison of the structures revealed that although the overall topologies of the structures are similar, the location of the DNA binding site is different (Fig. 5A) . Comparison of the molecular details of the mode of DNA binding by the two proteins explains the mechanism by which p202 performs its function.
Structural basis for the functional antagonism of AIM2 by p202. The structure of human AIM2's HIN domain bound with DNA provided exclusive insights into the DNA-based oligomerization and activation of signaling model for AIM2 (20) . Further support for this model came in the form of the structure of murine AIM2 bound with DNA (23) . The structural similarities suggested that the overall structure and function of AIM2 are conserved across species. More importantly, the structure of the HIN domain of murine AIM2 bound with DNA together with the structure of murine p202a's HINa domain bound with DNA permitted a direct comparison of the modes of DNA binding by these two proteins to explain the molecular basis for AIM2's ability to activate and p202's subsequent ability to terminate AIM2-mediated signaling. Quite unexpectedly, the structure of p202s's HINa domain bound with DNA revealed a different location for the DNAbinding site compared to that observed for the HIN domain of AIM2 (23) . Superimposition of the two structures revealed that the overall topologies of the HIN domains from AIM2 and p202 are similar (Fig. 5A) . While AIM2's HIN domain uses the region surrounding the linker connecting the two OB folds for binding DNA, p202a's HINa domain uses a surface opposite that of AIM2's HIN domain for binding DNA. p202a's HIN domain binds DNA primarily using loops connecting the strands of the ␤-sheet. Such a mode of DNA binding is commonly observed for proteins employing the canonical OB fold for binding DNA. The use of loops permits p202a greater access for binding different regions of DNA. As a result, p202a's HINa domain makes more contact with DNA than AIM2's HIN domain. This raises the possibility of p202a sequestering DNA from AIM2 (23) (Fig. 3) . Although the ability of p202a to outcompete AIM2 for DNA binding has not been demonstrated yet, the HINa domain of p202a can bind more DNA than the HIN domain of AIM2 (23) .
By using the currently available structure-function data, a model for activation of AIM2 signaling and its termination by p202 has been proposed. According to this model, multiple mol- ecules of AIM2's HIN domain bound in proximity to DNA demonstrate the ability of AIM2 to oligomerize using DNA as a platform. When such AIM2 bound to DNA recruits ASC and caspases, it causes crowding of the molecules (Fig. 3) . Molecular crowding brings caspases close enough to execute intermolecular proteolytic cleavages, resulting in their activation (53) . p202 possibly intercalates and physically obstructs the caspases from coming closer for intermolecular proteolytic cleavages (Fig. 3) . Alternatively, p202a's HINa domain could bind DNA, while the HINb domain heterodimerizes with AIM2 and prevents recruitment of ASC. Lastly, p202a could simply sequester DNA from AIM2 by using a combination of different features, such as higher affinity for DNA and heterodimerization with AIM2. The structure of a quaternary complex of p202, AIM2, DNA, and other effector molecules of the inflammasome is essential for a precise understanding of the assembly of the inflammasome and its regulation by p202a.
More recently, p202 was shown to abrogate AIM2-mediated activation of procaspase 1 by heterodimerization with AIM2 (52). p202 was shown to form tetramers in vivo and heterodimerize with AIM2. This interaction specifically turned off the activation of procaspase 1 without affecting the ability of the cell to produce IFN-␤. p202 intercalates and spatially separates AIM2 molecules, which prevents clustering of ASC. This physically obstructs intermolecular proteolytic processing of procaspase 1 (52) and terminates the AIM2-mediated responses.
Regulation of AIM2-mediated signaling by IFI16. Expression of ALRs is induced upon activation of IFN signaling and sighting of DNA (26). Specifically, type I (IFN-␣ and -␤) and type II (IFN-␥) IFNs have been shown to upregulate the expression of AIM2 and IFI16 in peripheral blood monocytes (CD14
ϩ ) and the THP-1 monocytic cell line (41) . Upon upregulation by type I IFNs, IFI16 heterodimerizes with AIM2 in the cytoplasm and curtails activation of procaspase 1. This results in mitigation of inflammatory responses' origination from the AIM2 inflammasomes. Knockdown of IFI16 results in an increase in activation of procaspase 1, further supporting a role for IFI16 in negatively regulating expression of inflammatory cytokines. Such a downregulation forms the basis for the administration of type I IFNs during therapeutic interventions in autoimmune diseases to lower production of inflammatory cytokines (54) . Thus, the innate immune responses originating from the AIM2 inflammasomes are negatively regulated at the posttranscription level by at least two different mechanisms. The first, which was elegantly demonstrated using BMDMs, showed expression of the HIN-only protein, p202, abrogating AIM2 responses (22) . The second mechanism involves heterodimerization of IFI16 with AIM2 upon induction of ALRs by IFNs (41) . In both these mechanisms, proteolytic activation of procaspase 1 is stalled, which affects the production of mature IL-1␤ and IL-18.
Role of the HINb domain of p202. While the structure of the HINa domain of p202 in complex with DNA and the subsequent loss-of-function mutations clearly demonstrate the ability of p202 to use a DNA binding site located at a position opposite that observed for the HIN domain of AIM2, the role of the HINb domain of p202 in binding DNA is not clear. Insights obtained from homology modeling reveal that unlike other HIN domains that have a predominantly positively charged surface, the HINb domain of p202a has a large negatively charged patch on the surface (23) (Fig.  5B and C) . Such a structural feature suggests a role for the HINb domain in protein-protein interactions. In this context, HINb could either mimic PYD of AIM2 in imposing autoinhibition on p202 via intramolecular ionic interactions between its negatively charged surface and the positive potential of the HINa domain or play a role in the heterodimerization of p202a with AIM2 via intermolecular interactions with the HIN domain of AIM2 (23, 52) . Further studies on mapping of domain interactions between p202a and AIM2 are likely to shed light on this possible role for the HINb domain of p202a in the function of the protein. In fact, a recent study showed that the HINb domain of p202 forms tetramers inside the cell and interacts with AIM2. Oligomerization of the HINb domain of p202 has been speculated to increase the avidity of p202 for DNA (52) .
HIN DOMAINS OF IFI16
IFI16 contains two HIN domains, HINa (aa 192 to 393) and HINb (aa 515 to 710) ( Fig. 2A) . Both the HIN domains are known to bind DNA (55) . However, they differ in their DNA-binding abilities. HINb was shown to have greater affinity for double-stranded vaccinia viral (VACV) 70-mer and double-stranded herpes simplex virus (HSV) 60-mer DNA than the HINa domain (42) . However, constructs comprising both the HIN domains were shown to bind DNA with greater affinity than the individual HIN domains (42) . Double-stranded DNA greater than 70 bp in length was required for optimal induction of the IFN-␤ promoter by IFI16 (42) . In addition to the HIN domains, IFI16 also contains an Nterminal PYD (aa 6 to 84). The role of the PYD in the function of the protein is not clearly understood. IFI16 has been shown to interact with a number of transcription factors. In particular, its role in regulation of the activity of the tumor suppressor protein p53 has been investigated in detail (21) . The HINa domain of IFI16 interacts with the C-terminal domain of p53 and enhances its sequence-specific binding to the p53 binding consensus DNA sequence (21) . In addition, IFI16 has been shown to bind the promoter region of oncogenes like c-MYC and RAS and repress their transcription (56, 57) . IFI16 has also been shown to negatively regulate the expression of human telomerase reverse transcriptase (hTERT), which is partly attributed to the downregulation of c-MYC (58) . On the other hand, downregulation of IkB␣ expression by IFI16 results in enhanced production of inflammatory cytokines via the NF-B pathway (59) . Interestingly, IFI16 has been shown to be part of the BRCA1-associated genome surveillance complex (BASC), which is involved in repair of damaged DNA (60) . IFI16 has been shown to heterodimerize with AIM2 (40) and regulate its signaling (28) . More recently, IFI16 has been shown to sense pathogenic DNA in the cytoplasm as well as the nucleus (42, 61) . Upon sighting DNA in the cytoplasm using the HIN domains, IFI16 activates the STING-TBK1-IRF3 signaling pathway, culminating in the production of IFNs (42) . In contrast, detection of viral DNA in the nucleus results in the assembly of an AIM2-independent inflammasome, which activates procaspase 1 (61) .
DNA-binding interface of HINb domain of IFI16.
The crystal structures of the unliganded HINa and HINb domains of IFI16 were the first representative crystal structures for HIN domains to be reported and helped define the overall architecture of the HIN domain (21) . These initial structures of the HIN domains highlighted the fact that despite low sequence identity, the HIN domains fold into highly similar topologies. The structure of the HINb domain of IFI16 bound with DNA subsequently shed light on the mode of DNA binding (20) . The structure revealed that HINb binds DNA using the positive potential of the region surrounding the linker region. This mode of binding was almost similar to that of the HIN domain of AIM2. In particular, HINb uses amino acids from loop L 34 of OB1, helices ␣1 and ␣2 of the linker region, and loop L 23 and strands ␤4 and ␤5 from OB2 to bind DNA (20) (Fig. 6A) .
The mode of DNA binding by the HINa domain of IFI16 is currently not known.
Nature of the protein-DNA interactions. Just as in the case of the HIN domain of AIM2 and the HINa domain of p202, the contacts of the HINb domain of IFI16 with DNA are electrostatic and involve the side chains of positively charged amino acids and the negatively charged phosphate groups of the DNA backbone (20) . As observed for the structures of other HIN domains, at least one side chain of a positively charged amino acid donates a hydrogen bond to a base. For example, the NH2 nitrogen atom of R667 donates a 3.05-Å hydrogen bond to the N7 nitrogen of an adenine (Fig. 6B) . However, the significance of such hydrogen bonding is not known.
The location of the DNA binding site observed in the crystal structure was verified by mutagenesis (20) . Amino acids at the protein-DNA interface were mutated in clusters. Mutants deficient in DNA binding were evaluated for their ability to induce IFN-␤ in cell-based assays. STING was essential for the IFI16-based activation of the IFN-␤ promoter, and therefore IFI16 or its mutants were cotransfected with STING. Mutants deficient in DNA binding were impaired in the induction of the IFN-␤ promoter. Thus, the DNA binding surface observed in the crystal structure for HINb domain of IFI16 was physiologically relevant (20) . Although the structure-function studies provide detailed insights into the mode of DNA binding by the HINb domain of IFI16, the mechanisms of assembly of the inflammasome by IFI16 and the activation of the STING-TBK1-IRF3 pathway by IFI16 remain to be elucidated. Knowledge of the regions of IFI16 interacting with STING or ASC is likely to further shed light on the role of the domains in the function of the protein.
COMPARISON OF THE HIN DOMAINS
Structures of the HIN domains solved in complex with DNA from three different proteins reveals that the overall topologies of the HIN domains from different sources are remarkably similar. This is exemplified by the fact that despite differences in primary sequence, the HIN domains of AIM2, p202, and IFI16 fold into a pair of OB folds that are almost mirror images (20, 21, 23) . Similar structural conservation has been observed for proteins catalyzing a diverse range of reactions using the TIM barrel or the Rossmann fold. Functional diversity is accomplished by insertion or elonga- tion of loops, deletions, mutations, or gain of additional domains. Proteins containing HIN domains seem to use both these modi operandi-substitution of residues and gain of additional domains to recruit partners-for accomplishing functional diversity. For example, the primary sequence of HIN domains is different in AIM2 and p202, giving rise to differences in surface charge and resulting in differential binding to DNA. Therefore, although the proteins have similar topologies, they use different structural elements within the protein to bind DNA, resulting in different affinities for the same substrate. Such a difference in chemistry is essential for p202 to outcompete AIM2 for binding to DNA, an ability essential to its role as an AIM2 antagonist during sensing of cytoplasmic DNA (22, 23) . In the absence of p202, AIM2 carries out its function by recruiting ASC using the PYD that is not present in p202 (Fig. 3) .
The structures of the HIN domains have so far revealed two distinct modes of DNA binding. In the AIM2-like mode of DNA binding, the HIN domain uses the area surrounding the linker region primarily to bind DNA (Fig. 6C) . In contrast, in the p202-like mode of DNA binding, the HIN domain tethers DNA using the region opposite to the linker for binding DNA (Fig. 6D) . Here, loops protruding from the canonical OB fold play an important role in binding DNA. The HINb domain of IFI16 exhibits the AIM2-like mode of DNA binding (20, 23) . It would be interesting to find out if HIN domains are limited to the choice of one of these two distinct modes of DNA binding or whether additional modes of DNA binding exist for HIN domains. Elucidations of the crystal structures of the HIN domains of other homologs belonging to the PYHIN family are likely to provide an answer to this question.
The mode of DNA binding by the HINb domain of IFI16 is similar to that of the HIN domain of AIM2 (20) . However, IFI16 has an additional HIN domain which is lacking in AIM2. Thus, IFI16 uses the gain of a HIN domain to exert differential roles. In addition, the nature of PYD of IFI16 is different than that of the PYD of AIM2 (42) . This suggests that IFI16 may not be autoinhibited in a manner similar to that seen for AIM2. Further, the mechanism of activation of IFI16 could be different than that of AIM2. Questions about how ASC is recruited or STING is activated by IFI16 remain unanswered. More recently, an enzyme called cGMP-cAMP (cyclic AMP) synthase (cGAS) was shown to bind cytoplasmic DNA and catalyze the production of cGMPcAMP using ATP and GTP (62, 63) . This endogenous secondary messenger, 2=,3=-cGAMP, produced by mammalian cells, was shown to be structurally different than the cyclic nucleotides synthesized by microbes (64) (65) (66) (67) (68) . 2=3=-cGAMP bound STING with an affinity that was ϳ300-fold higher than that observed for c-di-GMP and elicited a potent IFN-␤ response (68) . Thus, cGAS senses cytoplasmic DNA and initiates type I IFN production by synthesizing 2=3=-cGAMP that activates STING. IFI16 is also known to initiate type I IFN production via the STING-TBK1-IRF3 pathway. However, it is currently not known how STING is activated upon sensing of DNA by IFI16.
The structures of the HIN domain of AIM2, the HINb domain of IFI16, and the HINa domain of p202 bound with DNA bring out the similarities between the HIN domains and highlight some differences between individual HIN domains that possibly confer distinct roles on the HIN domains in the function of the protein.
For example, the HIN domain of AIM2 and the HINa domain of p202 are structurally mirror images (23) . However, differences in primary sequence confer distinct modes of DNA binding on these HIN domains. Differences in the mode of DNA binding result in different affinities for the DNA. As a consequence, upon DNA binding, AIM2 can initiate while p202 can terminate activation of inflammatory responses (22, 23) . Such similarities or differences in HIN domains could be exploited to specifically modulate the downstream signaling to either mitigate an inflammatory response (for example, in autoimmune diseases) or activate a response to fight pathogens.
HIN PROTEINS AND IMMUNE DISORDERS
Several studies have implied a role for HIN proteins in the development of autoinflammatory and autoimmune disorders. Studies using New Zealand Black mice (NZM), which are genetically predisposed to development of lupus-like disease, identified the gene encoding p202 as a lupus susceptibility gene (69) . Increased expression of p202a has been correlated to the development of antinuclear antibodies (70) . This is because increased levels of p202 are likely to prolong the survival of cells harboring cytoplasmic DNA, leading to a chronic activation of the innate immune response that could result in the development of systemic lupus erythematosus (SLE). While type I IFNs stimulate expression of p202a, AIM2 negatively regulates type I IFN signaling (36) (37) (38) . Consequently, AIM2-deficient mice show increased levels of IFN-␤ and p202 protein and are prone to SLE.
Physiological disturbances arising from the inflammasomes are mostly tied to the excessive activation of procaspase 1 and its subsequent processing of IL-1␤ and IL-18. Deregulation of AIM2-mediated signaling perturbs cellular homeostasis, and one of the most common fallouts of the dysregulation of the AIM2 inflammasome is inflammation. This is exemplified by the formation of inflammatory skin lesions in psoriatic patients, which has been tied to increased inflammasome activity that results in excessive production of cleaved IL-1␤ (27) . Knockdown of AIM2 expression in keratinocytes using siRNA completely blocked the production of mature IL-1␤ in response to transfection with poly(dA · dT), confirming a role for AIM2 in psoriasis. The physiological trigger for the inflammation was identified as endogenous cytosolic DNA (27) . However, the question of how self DNA enters the cytosol of keratinocytes of psoriatic patients remains unanswered. Further evidence for the role of self DNA in the etiology of the disease was provided by cotransfecting DNA with a cationic peptide called cathelicidin LL-37. Such an application mitigated the inflammatory response by binding DNA and interfering with the assembly of the inflammasome (27) . Taken together, these results indicate a role for the AIM2 inflammasome in the etiology of chronic inflammatory psoriasis. In addition to its role in psoriasis, elevated levels of cleaved IL-1␤ have been implicated in the pathogenesis of other autoinflammatory diseases like pyogenic arthritis, pyoderma gangrenosum, and acne (PAPA) (71), cryopyrin-associated periodic syndromes (CAPS) (72) , familial Mediterranean fever (FMF) (73), gout, and type 2 diabetes mellitus (74, 75) . Although the source of unabated IL-1␤ in these disorders is a malfunctioning NOD-like receptor (NLRP) inflammasome, excessive IL-1␤ originating from AIM2 inflammasomes is also likely to induce onset of autoinflammatory diseases with similar manifestations.
In addition to p202 and AIM2, IFI16 has also been proposed to play a role in chronic inflammation. Autoantibodies against IFI16 have been detected in the serum of patients suffering from systemic lupus erythematosus, systemic sclerosis, Sjogren's syn-drome, rheumatoid arthritis, and scleroderma/polymyositis overlap syndrome (76) . Further studies are expected to uncover the exact role of IFI16 in the pathogenesis of autoimmune diseases.
UNEXPLAINED STRUCTURAL INSIGHTS
Although short oligonucleotides of DNA were used for crystallization, the HIN domains of AIM2, p202, and IFI16 seem to have lined up the DNA end to end, giving the appearance of a long contiguous stretch of DNA. Such an ability of a protein has been reported previously for Ku proteins and has been shown to be essential for the nonhomologous end joining (NHEJ) repair mechanism of fixing double-stranded breaks of DNA resulting from damage caused by ionizing radiation or during V(D)J recombination in lymphocytes. More specifically, Ku proteins bind double-stranded breaks and bridge DNA ends such that the ends are accessible to DNA ligase for sealing the breaks (77) . In contrast, the DNA ends seem to be inaccessible in the HIN-DNA complexes, suggesting that the purpose of bridging DNA fragments here could be different. All the structures of the binary complexes of the HIN domains with DNA solved so far reveal this ability of HIN domains to line up DNA end to end. Such an ability of the HIN domain of AIM2 probably increases the local concentration of the protein and ensures molecular crowding that is essential for activation of downstream signaling (20) . Alternatively, it suggests a role for the protein in DNA repair. However, AIM2 has been shown to sense dsDNA in the cytosol only and to assemble the inflammasome. For participation in DNA repair, AIM2 would need to be able to sense DNA in the nucleus, an ability that has not been demonstrated for AIM2. However, AIM2 has been shown to localize to the nucleus when untreated or IFN-␥-treated 293 human cells were transfected with pCDNA3.1-AIM2-V5 vector transiently expressing AIM2 (39) . Surprisingly, murine AIM2 localizes to the cytoplasm when expressed alone, highlighting species-specific differences in the ALRs (26) . In contrast, IFI16 and p202 have been detected in the nucleus and the cytoplasm in humans and mice (39, 78) . Specifically, IFI16 was shown to associate with BRCA1 in the nucleus when HCC1937 breast cancer cells were irradiated with ionization radiation (60) . The PYD of IFI16 associated with the region from aa 502 to 802 of BRCA1 and IFI16 was shown to be part of the BRCA1-associated genome surveillance complex (BASC) involved in repairing damaged DNA. These results coupled with the structural observations open up the possibility that IFI16 participates in DNA repair. The recently reported participation of DNA-dependent protein kinase (DNA-PK) and Ku70, proteins primarily implicated in repair of damaged DNA, in the induction of IFN-1 production via the IRF1/IRF7 pathway upon transfection of DNA in HEK293 cells, fibroblasts, murine macrophages, and dendritic cells (DCs) (79, 80) further suggests the need to investigate a role for the HIN proteins in DNA damage repair. It is tempting to speculate that the hydrogen bonds donated by lysines of the HIN domain to bases are part of a repair process initiated for fixing DNA damaged by ionization radiation. If we consider the example of DNA damage via the addition of an electron to pyrimidine, protons would transfer to these electron adducts possibly from a lysine by a proton shuttle via a guanine. The holes generated by radiation would localize on guanine and would result in loss of a proton from N1 to the hydrogen-bonded cytosine. The H bond donated by lysine to O6 or N2 of guanine observed in the structures of p202 HINa or AIM2 HIN bound with DNA, respectively, would actually promote this deprotonation and would tend to localize the hole to this guanine, slowing down any further transfer of the hole. Since N1 protonation is necessary for the reaction of one electron-oxidized guanine with water to form 8-hydroxy guanine, this may indeed slow the rate of this damage. Therefore, the lysine could potentially stabilize the damage for repair by electron donors such as a serine of the HIN domain, glutathione, or other sulfhydryls. Thus, the base-directed hydrogen bonds of the HIN domain could potentially perturb the prototropic equilibria that play an important role in determining the lifetime of the radical and the subsequent reaction of the radical. Examination of the structures of HIN domains (IFI16 and p202) bound with DNA reveals that at least one serine residue is hydrogen bonded to the backbone phosphates (20, 23) . In addition, a number of lysines donating hydrogen bonds to the DNA backbone and bases are observed. A decrease in pK a of the lysines involved in binding DNA, as indicated by a PropKa analysis (http://propka.ki.ku.dk), suggests that these lysines are capable of donating protons under physiological conditions. Therefore, it would be interesting to find out whether the exchange of charges between the HIN domains and DNA plays a role in binding/unbinding of protein from DNA or is part of a repair mechanism for damaged DNA.
Lastly, some flexibility in binding of DNA to the HIN domains has been observed. The HIN domains can tilt and perhaps slide on the DNA, using the electrostatic interactions between the charged residues and the DNA (20) . Such flexibility in binding DNA is likely to assist the HINa domain of IFI16 in enhancing the sequence-specific binding of the C-terminal domain of the transcription factor p53 (21) . Taken together, the ability of the HIN domains to bind short stretches of DNA and align them end to end to form a long contiguous stretch of dsDNA and the base-directed hydrogen bonds of the side chain of a lysine residue unveiled by the crystal structures hint at additional exciting roles and mechanisms of function of HIN domains, which await discovery.
CONCLUSIONS
The recently available structures of the HIN domain from three different proteins have helped define the twin OB fold and have shed light on the modes of DNA binding by these domains. In spite of low sequence identity, the overall topologies of the HIN domain from different proteins are remarkably similar. So far, two distinctly different modes of DNA binding have been described for the HIN domains. These distinct modes of DNA binding seem to confer different roles on the protein in the regulation of innate immune responses. Additional structures of HIN domains from other proteins are likely to answer the question of whether HIN domains are limited to the choice of these two modes of DNA binding and whether these differences in modes of DNA binding confer different roles on the proteins. In addition, unexplained structural insights should provoke further research on HIN domains that could unveil new exciting roles for these proteins.
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